We investigate Fano resonances in planar two-dimensional periodic arrays of linear trimers of plasmonic nanoparticles that appear under plane wave incidence. The observed Fano resonances are associated to resonances belonging to the trimer (metamolecule) itself, where some are found to be strongly affected by the array periodicity. We observe that array-dependent resonances appearing for oblique incidence are resistant to losses, whereas narrow dipolar-like Fano resonances associated mainly to the metamolecule, which appear also under normal incidence, disappear when losses are too high. In particular, we prove the latter by theoretical (dipolar approximation) and fullwave simulations, in good agreement. We propose that the use of very low-loss plasmonic materials or the use of gain materials to mitigate plasmonic losses may lead to (high-quality factor) dipolar-like Fano resonances under normal incidence, exhibiting a certain degree of fabrication defect tolerance, which might be employed to improve sensors, lasing, switching, and nonlinear devices, for example. Consider a 2D array of linear trimers of nanoparticles embedded in a host medium with relative permittivity ε h arranged in a rectangular lattice as in Fig. 1 , with periods a and b along x and y, respectively. The results in this Letter are evaluated under TM plane wave incidence with wavevector and electric field lying on the y-z plane. For TE plane-wave incidence, with electric field along y and wavevector lying on the x-z plane, results are analogous to the normal incidence case in the analyzed angular and frequency ranges and thus not reported here. When illuminated by an orthogonally incident plane wave, and in a frequency range where there is only one propagating Floquet wave, we identify the array extinction Q e and scattering Q s efficiencies, evaluated as the relative cross sections normalized to the unit cell area ab, as [17] Q e −2 ReT − 1 and Q s jRj 2 jT − 1j 2 , where R and T are the complex specular reflection and transmission coefficients, respectively, evaluated at the array plane (at the z 0 plane, which includes the nanoparticles' centers). Absorption efficiency Q a by the nanoparticles in a unit cell as function of frequency and incidence angle is shown in Fig. 2 for an array of trimers of silver nanoparticles. This is evaluated using single dipole 
It has been long proven that the interaction between a broad (bright) resonance and a narrow (dark) one gives rise to the so-called Fano resonance, which is characterized by an asymmetric line shape [1, 2] . There is abundant work in the literature discussing physical mechanisms leading to Fano resonances, thus we refer the reader to [3, 4] for thorough reviews on the topic. The applications of Fano resonance are numerous and rely on its large quality factor. A notable example is its use for the development of sensing devices [5] . Fano resonances are also supported in clusters of plasmonic nanoparticles [6] , which have been analyzed in [7] varying constitution and configuration of the clusters. Cluster size, geometry, and interparticle spacing affect the individual clusters' near-field properties as recently shown in [8] . Fano resonances in clusters can be further developed for artificial magnetism at optical frequencies as shown for a spherical nanocluster in [9] or for a nanoring in [10] , where the authors proved a magnetic-based Fano scattering.
It has been very recently shown in [11] that Fano resonances supported in a nanoparticle chain can be tuned by varying the number of particles in the chain. The use of self-assembly for arranging nanoparticles from colloidal solution to form nanoparticle clusters is inexpensive and is influenced by the shape of the chemical domain [12] or molecular linking groups [13] . For example, integrating the chemical assembly process in [12] with ordered diblock copolymer surfaces [14] is a promising approach for the selective fabrication of linear clusters. For this reason, we investigate Fano resonances in twodimensional (2D) periodic arrays of linear trimers of nanoparticles as in Fig. 1 . Extending some preliminary investigations in [7] , we prove here that Fano resonances appear in both isolated and arrays of linear trimers (not shown in [7] ) for oblique incidence and, when losses are mitigated, even for normal incidence. In the array case, such Fano resonances may be attributed to the forced excitation of eigenmodes supported by the array [15] . Notably, loss compensation has been very recently suggested in [16] as a requirement for the achievement of nano-Fano structures. The results regarding trimers discussed in this Letter may open up to new possibilities in sensor design.
Consider a 2D array of linear trimers of nanoparticles embedded in a host medium with relative permittivity ε h arranged in a rectangular lattice as in Fig. 1 , with periods a and b along x and y, respectively. The results in this Letter are evaluated under TM plane wave incidence with wavevector and electric field lying on the y-z plane. For TE plane-wave incidence, with electric field along y and wavevector lying on the x-z plane, results are analogous to the normal incidence case in the analyzed angular and frequency ranges and thus not reported here. When illuminated by an orthogonally incident plane wave, and in a frequency range where there is only one propagating Floquet wave, we identify the array extinction Q e and scattering Q s efficiencies, evaluated as the relative cross sections normalized to the unit cell area ab, as [17] Q e −2 ReT − 1 and Q s jRj 2 jT − 1j 2 , where R and T are the complex specular reflection and transmission coefficients, respectively, evaluated at the array plane (at the z 0 plane, which includes the nanoparticles' centers). Absorption efficiency Q a by the nanoparticles in a unit cell as function of frequency and incidence angle is shown in Fig. 2 for an array of trimers of silver nanoparticles. This is evaluated using single dipole approximation (SDA) [18] adapting the formulation from [19] to oblique incidence, which employs the nanoparticles' dipole moments p i = α ee E loc (r i ), i = 1, 2, 3, with local field E loc (r i ) at the ith particle location and polarizability α ee (we use here the Mie expression [18] ) as Q a C a ab
with silver dielectric permittivity function modeled either with Drude formula from [20] with parameters taken from [21] or modeled with experimental data taken from the Handbook by Palik [22] . (The data in [22] exhibits higher losses than the Drude model or the JohnsonChristy measurements [23] and is chosen because of the extra losses expected from size-dependent electron scattering in subwavelength nanoparticles [24] .) In Eq. (1), C a is the absorption cross section, k is the host wavenumber, jE 0 j is the amplitude of the incoming plane wave, and θ is the angle of incidence. The formulation in [19] is used because above certain angles nonspecular scattering is expected to appear due to higher-order propagating Floquet harmonics and thus Q a cannot be estimated through 1 − jRj 2 − jTj 2 . Transmission and reflection (both magnitude and phase) at normal incidence as a function of frequency for the same array are shown in Fig. 3 . They are calculated using two different methods, both yielding similar results: SDA [18] and fullwave simulations based on finite-element method in frequency-domain (HFSS by Ansys Inc.). Using SDA, R and T are retrieved using the formulation employing dyadic Green's function in [25] , adapted to the present case. In general, more accurate results may be obtained by including multipolar field contributions [18] . We observe in Fig. 2 a common Fano feature for large incidence angles that disappears at normal incidence for the two silver permittivity models. This feature originates from a resonance pertaining to the isolated metamolecule (not shown) that is strongly affected by coupling with other elements, and is thus here referred to as "array-dependent" resonance. This array periodicity dependence can be clearly observed by noting the difference between Figs. 2 and 4 for oblique incidence. Instead, only in the case of nanoparticles' permittivity modeled using Drude formula (that correctly estimates the real part of the silver permittivity but underestimates its imaginary part by about a factor of 10 compared to the measurements [22] in the analyzed frequency range) we observe another narrow feature around 740 THz, stable with angle of incidence (also verified with fullwave simulations). This is another resonance pertaining to the metamolecule [observed also in an isolated metamolecule, as reported in Fig. 5(b) ], slightly dependent on periodicity, as shown in both Figs. 4 and 5(a). This feature is extremely sensitive to losses as shown in Figs. 2 and 4 .
We then focus on the resonance observed at normal incidence in the case of silver permittivity modeled with Drude formula in Fig. 2(a) . We note in Fig. 3 The origin of the strong dipolar-like Fano resonance at about 740 THz in Fig. 3 has been attributed to the metamolecule and can be explained by looking at the ydirected nanoparticles' induced dipole moments p y;int and p y;ext (similar to the ones in an isolated trimer) in Figs. 6(a) and 6(b), denoting interior and exterior nanoparticles as depicted in Fig. 1 , respectively. (Only under normal incidence will the two exterior nanoparticles have the same dipole moments.) We observe that in the Drude case the two dipole moments p y;int and p y;ext are out of phase around 740 THz, with peaking magnitudes. In contrast, when using Palik data, losses prevent the dipole moments from being out of phase, even though a trend similar to the Drude case can be inferred. To strengthen our analysis, we report in Fig. 6 (c) the (normalized) vector E-field maps at 600 THz (dipolar), 704 THz (multipolar), and 740 THz (dipolar-like Fano) for the Drude case in Fig. 3(a) . Note that at 600 THz the arrows within the interior and exterior nanoparticles are aligned with the y axis and in phase, signature of dipolar features [in agreement with the result in Fig. 6(b) ].
At 704 THz instead, we observe mixed field contributions (dipolar and multipolar) inside the two exterior nanoparticles, making the trimer response dominantly multipolar. At 740 THz, we rather see a dominant dipolar-like feature in the two exterior nanoparticles, and mixed response in the interior one. In this case, the trimer response is mainly dipolar-like, explaining why SDA can capture this resonance. Since losses prevent the formation of a narrow Fano resonance at normal incidence as observed in Figs. 2-4 , we turn our attention to investigating low-loss plasmonic materials such as those outlined in [26] to probe material parameters predicted to lead to a strong dipolar-like Fano resonance. For example, an array of potassium nanoparticles (which is one of the metals with lowest losses [26] ), with same structural parameters as in Fig. 2 , exhibits a barely visible Fano resonance (not shown). Thus, the quest for low-loss materials using more complex structures is still necessary. To this aim, gain materials may mitigate material losses and thus induce the metamolecule Fano resonance to appear. As mentioned in [16] , the realization of Fano structures requires materials with weak dissipation and it is our aim to propose structures that employ gain media (in particular fluorescent dyes) for the design of high-quality factor dipolar-like Fano resonances under normal incidence, paving the way for further developments of the design of lasing and nonlinear devices. We select a gold nanoshell design (similar to that used in [20] ) illustrated in the inset of Fig. 7 and consider various fluorescent dye concentrations in the core: 0, 10, and 15 mM. We note that high concentrations of dye molecules may result in fluorescence quenching or other nonradiative phenomena [27] and could lead to a reduction of gain in the system. An analytical treatment of the molecule-nanoparticle interaction is necessary to estimate the impact of such processes accurately. Nonetheless, we want to emphasize we are probing the effect of low losses onto the dipolar-like Fano resonance and providing some initial experimentally achievable structures to mitigate losses. Such a nanoshell structure can indeed be fabricated by self-assembly [28] , and gain media can be Fig. 2(a) representing the instantaneous electric field at a representative time, where the arrow colors denote its magnitude. The plots show only one fourth of the unit cell for clarity. The red and blue lines depict a perfect electric and magnetic conductor boundary condition, respectively, and the black dashed lines depict particles' contours. Fig. 7 . Extinction and absorption efficiencies versus frequency (from SDA) at normal incidence for an array of nanoshell trimers. The nanoshells are made of a dielectric core (glass-like filled with Rhodamine 800 fluorescent dyes modeled as in [20] , with different dye concentrations) and gold shells whose permittivity is modeled using Palik data [22] . Array parameters: r core 25, r shell 30, a 90, b 310, d 80 (in nanometer), and ε h 2.25.
incorporated into the silica cores as detailed in [29] . In Fig. 7 , we show Q e and Q a resulting from an array of trimers of such nanoshells at normal incidence. We start by noting that when there is no gain (i.e., 0 mM), the Fano resonance fades away due to the plasmonic losses in the structure. When the dye concentration is increased, leading to partial compensation of the plasmonic losses, the dipolar-like Fano resonance appears at about 422 THz (i.e., the emission frequency of the gain material). Further increasing gain, we note a sharpened Fano resonance and an increase of the maximum absorption. The results in Fig. 7 demonstrate it is possible to restore the Fano resonance at normal incidence and achieve results as in Fig. 2 by employing gain media to mitigate the plasmonic losses. Given this remarkable result, it is important to inspect the Fano resonance robustness against variations in fabrication geometry that may be encountered in self-assembly. We plot in Fig. 8 the extinction efficiency for arrays of nanoparticle trimers in the insets, using the Drude model for silver permittivity, as in Fig. 2(a) . We observe no considerable change in the resonance location and characteristics when geometrical perturbations are orthogonal to the trimer axis. When perturbations are along the trimer longitudinal axis, the Fano resonance is still present, though there is slight frequency shift. This indicates that such resonances exhibit a certain degree of fabrication defect tolerance.
In conclusion, we have shown the existence of Fano resonances in arrays of linear trimers of plasmonic nanoparticles. The one that appears also under normal plane wave incidence is slightly dependent on periodicity, in contrast to the strong dependence of array-dependent resonances appearing for oblique incidence. In particular, the metamolecule resonance is associated to the dipolar response of the nanoparticles. The use of low-loss plasmonic materials that can be obtained by the use of gain materials [20] trigger the metamolecule resonance at normal incidence. The concepts analyzed in this Letter could be extended to other frequency ranges by the use of different low-loss materials. Systems as in this Letter may lead to (high-quality) Fano resonances in 2D arrays of linear trimers, robust to fabrication tolerances, useful to improve the design of sensors, lasing, switching, and nonlinear devices.
